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Abstract: Tyrosine nitration is one of the most common post-transcriptional modifications of proteins, so 
affecting their structure and function. Human cytochrome c, with five tyrosine residues, is an excellent 
case study as it is a well-known protein playing a double physiological role in different cell 
compartments. On one hand, it acts as electron carrier within the mitochondrial respiratory electron 
transport chain, and on the other hand, it serves as a cytoplasmic apoptosis-triggering agent. In a previous 
paper, we reported the effect of nitration on physicochemical and kinetic features of monotyrosine 
cytochrome c mutants. Here, we analyse the nitration-induced changes in secondary structure, thermal 
stability, haem environment, alkaline transition and molecular dynamics of three of such monotyrosine 
mutants – the so-called h-Y67, h-Y74 and h-Y97 – which have four tyrosines replaced by phenylalanines 
and just keep the tyrosine residue giving its number to the mutant. The resulting data, along with the 
functional analyses of the three mutants, indicate that it is the specific nitration of solvent-exposed Tyr74 
which enhances the peroxidase activity and blocks the ability of Cc to activate caspase-9, thereby 
preventing the apoptosis signaling pathway.  
Keywords: Alkaline transition; Apoptosis; Cytochrome c; Peroxidase activity; Post-translational; 
modification; Tyrosine nitration. 
Abbreviations: Ac-LEHD-AFC, N-acetyl-Leu-Glu-His-Asp-(7-amino-4-trifluoromethyl coumarin); 
Apaf-1-xl, apoptosis protease-activating factor-1-x-long; BSA, bovine serum albumin; Cc, cytochrome c; 
CD, circular dichroism; CLSTR, CLuSTeR CDPro database; DSF, differential scanning fluorimetry; 
DTT, dithiothreitol; EDC, 1-ethyl- 3-(3-dimethylaminopropyl) carbodiimide hydrochloride; H2DCF, 
reduced 2'7'- dichlorofluorescein; HEPES, N-(2-hydroxyethyl)piperazine-N′-ethanesulfonic acid; MD, 
molecular dynamics; PC9, pro-caspase 9; PMSF, phenylmethanesulphonylfluoride; RMSD, root mean 
square deviation; RMSF, root mean square fluctuations; RNOS, reactive nitrogen/oxygen species; Tm, 
midpoint melting temperature. 
 
1. Introduction 
Protein tyrosine nitration is a post-translational modification that occurs under the action of a nitrating 
agent and results in the addition of a –NO2 group at the ortho position of the phenolic hydroxyl group. 
Although more extensively studied in animals, it seems to be a common process in all living organisms, 
ranging from bacteria to yeasts, plants and animals. The fact that tyrosine nitration is a lowyield process 
in vivo [1] makes it difficult for analytical methods to detect such covalent modification in complex 
proteomes [2]. However, it exhibits an apparent high selectivity and specificity for the modified proteins 
and is a more stable post-translational modification than tyrosine phosphorylation. Actually, the 
cumulative protein tyrosine nitration might be responsible for alterations in protein function, turnover and 
localisation [3–5], with the concomitant implication in the pathogenesis of some diseases related to 
nitrosative stress [3, 6, 7]. Initially, the generation of nitrotyrosine was considered an irreversible process, 
but recent reports indicate that the accumulation of nitrated proteins results from the increased generation 
of reactive nitrogen/oxygen species (RNOS), aswell as fromthe inhibition of the proteasome [8] and/or 
the denitration system [7]. 
Mitochondrial matrix appears to be the primary locus for protein tyrosine modification because the 
peroxynitrite anion – the in vivo nitrating agent formed by the reaction between superoxide anion and 
nitric oxide – can diffuse from extramitochondrial compartments into mitochondria or can be formed 
intramitochondrially through the generation of RNOS because of the activity of complexes I–III of the 
respiratory chain [9,10]. Even though RNOS are mainly neutralised in cells by specific mechanisms or 
enzymes, such as manganese superoxide dismutase, under physiological conditions [11,12], the excessive 
RNOS production under nitrooxidative stress leads to the oxidation and nitration of many mitochondrial 
proteins, such as the referred superoxide dismutase, whose inactivation involves a positive feedback cycle 
for nitration.  
Respiratory cytochrome c (Cc) is the main target for RNOS in mitochondria, where it is both nitrated and 
nitrosylated in vivo [10,13–15]. InhumanCc, there are five tyrosine residues, at positions 46, 48, 67, 74 
and 97 (Fig. 1A). Four of themarewidely conserved, whereas Tyr46 is present in humans and plants but 
not in horse (Fig. 1C). Previous studies show that the most surface-exposed tyrosines in horse Cc – Tyr74 
and Tyr97 – are available for nitration [16], although in vivo assays also suggest modifications on 
partially buried Tyr67 [17], in which the catalysis of nitration is favoured by the proximity of the 
haemgroup. The effects of tyrosine nitration on protein function have been previously analysed using 
horse [4,14,16,18,19] and bovine [20] Cc. Among the changes induced by nitration, the spectral changes 
due to the loss of haem coordination by Met80, which acts as the sixth ligand of the iron atom, should be 
highlighted. The behaviour followed by the haem coordination along pH titration starts in a 
conformational state III at neutral pH [21,22] and ends in an alkaline state IV at basic pH. Although 
keeping the low-spin state of iron, this involves a significant change in the haem axial ligands because of 
displacement of Met80 and substitution by Lys73 or Lys79 [22,23]. Replacement of Met80 by alanine 
disturbs the protein localisation [24], and the Cc alkaline transition between states III and IV shifts 
towards more physiological conditions upon nitration [4,18,25]. Nitrated Cc, whose redox potential is 
drastically changed, is unable to reactwith the complexes cytochrome bc1 and cytochrome c oxidase, so 
failing in sustaining the respiratory electron flow [19,26]. 
In addition to the well-established role of Cc in energy metabolism, the haem protein triggers the 
apoptosis signaling pathway. In fact, it seems that nitration impairs the ability of Cc to activate caspases 
[17,20,26] during programmed cell death. Moreover, the posttranscriptionally modified Cc undergoes 
changes in its haem moiety and enhances its peroxidatic activity [1,18,19]. Also, the catalytic properties 
of Cc have been extensively studied in the apoptosisinducing Cc–cardiolipin complex [27–30]. 
The experiments herein presented are focussed on the monotyrosine mutants of human Cc h-Y67, h-Y74 
and h-Y97 previously designed in our laboratory [26], in which all its tyrosine residues except one – just 
that at the indicated position – have been substituted by phenylalanine. The h-Y46 and h-Y48 mutants are 
not studies here because a comparison between the diamagnetic 
1
H-NMR spectra of the nitrated and non-
nitrated species of the five monotyrosine Cc mutants reveals no signal dispersion of amide and methyl 
protons in the nitrated species of h-Y46 and h-Y48 (the so-called h-Y46:N and h-Y48:N), thus suggesting 
that protein unfolding and/or aggregation events could take place upon specific tyrosine nitration at these 
two positions (Fig. 1B). The wild-type (h-WT) and null (h-Null) Cc species – the latter, with all the five 
tyrosines replaced by phenylalanines – are used as controls. Based on this set of haem proteins, we have 
analysed their physicochemical properties in terms of secondary structure, thermal stability, haem 
environment and dynamic behaviour. Also, the functional studies reveal that the specific nitration of 
solvent-exposed Tyr74 enhances the peroxidase activity and blocks the caspases activation ability of Cc, 
thereby making this protein a master key in the apoptosis signaling pathway. 
2. Materials and methods 
2.1. Protein expression and purification 
Recombinant human Cc, either the WT species or the monotyrosine mutants, were expressed in E. coli 
strains and further purified by ionic exchange chromatography, as previously described [26]. The 
synthesis of peroxynitrite and the nitration of the different Cc samples were as reported in [18,26] with 
minor modifications. Both Fe
3+
-EDTA concentration and number of additions of peroxynitrite were 
increased up to 1.5 mM and 10 bolus additions, respectively. The nitration reaction was performed in 
acidic conditions (pH 5.0). Afterwards, nitrated Cc species were intensively washed with 10 mM 
potassium phosphate (pH 6.0) and purified as in ref. [26]. The tryptic digestion and MALDI-TOF 
(Bruker-Daltonics, Germany) analyses confirmed not only that the nitrated Cc preparations were purified 
to 95% homogeneity but also that the molecular mass and the specifically nitrated tyrosine of each mutant 
were right. Moreover, Western Blotting Solution (Amersham) using antibodies anti-nitrotyrosine 
(Biotem) corroborated the presence of –NO2 groups in the Cc samples undergoing the nitration protocol. 
Samples were concentrated to 0.2–2.0 mM in 5 mM sodium phosphate buffer (pH 6.0). The extinction 
coefficients of monotyrosine mutants – nitrated and non-nitrated forms – used to determine protein 
concentration by spectrophotometric methods are summarised in Supplementary Data [31]. 
Recombinant human Apaf-1-XL was expressed and purified as described in [32,33]. Apaf-1-XL was 
stored until use at −80 °C, at 2–10 μM final concentration, in 20 mM HEPES-KOH buffer (pH 8.0), 
supplemented with 10 mM KCl, 1.5 mM MgCl2, 1 mM dithiothreitol (DTT) and 20% glycerol (v/v). 
Pro-caspase 9 (PC9) was subcloned into a pET23b vector with a C-terminal 6-His-tag. The expression 
plasmid was transformed into BL21(DE3)pLys S Codon plus E. coli strain. Cultured cells were growing  
for 3 h at 30 °C before harvesting upon induction with 0.2 mM IPTG at OD600=0.6. PC9 was purified by 
using a 5 mL affinity column His-Trap HP (GE Healthcare), according to the manufacturer's 
recommendations. Further purification was performed by ionic exchange using a 5 mL column HiTrap Q 
HP. 
2.2. Circular dichroism spectroscopy 
All circular dichroism (CD) spectra were recorded on a Jasco J-815 spectropolarimeter, equipped with a 
Peltier temperature-control system and a 1-mm quartz cuvette. CD intensities are presented in terms of 
molar ellipticity [θmolar] using molar protein concentration and a 1-mm path-length. The analyses of the 
secondary structure of oxidised Cc samples – nitrated and non-nitrated – were carried out by recording 
their far-UV CD spectra (185–250 nm) at 25 °C. Protein concentration was 3 μM, and the buffer was 5 
mM sodium phosphate (pH 6.0), supplemented with 10 μM potassium ferricyanide. For each sample, 20 
scans were averaged and analysed using the CDpro software package [34] with the SMP50 reference set, 
as well as with the CLSTR option to compare with a set of proteins with similar folds.  
Thermal unfolding was monitored between 30 and 105 °C. Temperature was increased at a rate of 1 °C 
per min, and protein unfolding was monitored by recording the CD signal at 220 nm. No reversibility of 
protein unfolding was observed for any of the samples. For all these assays, the oxidised Cc species at 3 
μMfinal concentration were solved into 5 mM sodium phosphate (pH 6.0) with 10 μM potassium 
ferricyanide. The experimental data were fitted to a twostate native-denatured model [35]. 
2.3. NMR spectroscopy 
The oxidised Cc samples at ranging 0.4–0.6 mM concentration were prepared in H2O(90%)/D2O(10%) 
solutions of 5 mM sodium phosphate buffer (pH 6.0) with 0.2 mM potassium ferricyanide. NMR spectra 
were recorded at 25 °C on a Bruker Avance DRX spectrometer operating at 500 MHz 
1
H frequency. The 
spectra were processed and analysed with the Bruker TOPSPIN 2.0 software (Bruker BioSpin 2006). 
Standard 1D 
1
H NMR spectra were recorded using a spectral width of 20 ppm. Water suppression was 
achieved by pre-saturation pulses [36]. Spectral processing required a sine-square window function, as 
well as a polynomial baseline correction, which was made automatically. 
For pH titration of oxidised Cc species, the pH of the samples was adjusted at the desired value by adding 
0.1–0.5 M NaOH or 0.1–0.5 M HCl, and the 1D 1H spectra were recorded at 25 °C by using the 
superWEFT pulse sequence (RD-P180-τ-P90-AQ) to observe the fast relaxing signals [37]. In the 
superWEFT experiments, the spectral window was 100 ppm, the acquisition plus the relaxation delays 
were 32 ms and the inter-pulse delay, τ, was typically around 40 ms. An exponential window function 
combined with a polynomial baseline correction was used for spectral processing. The pKa values were 
determined by fitting the volume of haem methyl 8, haem methyl 3 and Met80 methyl signals of the Cc 
species as a function of pH to the Henderson-Hasselbalch equation. 
2.4. EPR spectroscopy 
EPR spectra were collected in a Bruker EMX spectrometer, equipped with an Oxford Instruments ESR-
900 continuous-flow helium cryostat. Spectra were recorded at −258 °C, using a microwave attenuation 
of 20 dB (2 mW) and modulation amplitude of 1 mT. Four scans were averaged for each spectrum. 
Samples contained 100 μM Cc in 10 mM phosphate buffer at varying pH. 
2.5. Electronic absorption spectroscopy 
Electronic absorption spectra were recorded in the 600–750 nm range to analyse the band centred at 699 
nm, indicative of the haem–Met-80 coordination [38], using a Beckman DU® 650 spectrophotometer in a 
1-mL quartz cuvette of 10-mm path-length. The assays were performed with oxidised nitrated or non-
nitrated Cc in 5 mM sodium phosphate buffer, supplemented with 0.2 mM ferricyanide, at a protein 
concentration as high as 0.6 mM because of the relatively low intensity of the absorption band (ε699=865 
M
−1
 cm
−1
 in the 4.5–7.0 pH range) [25,39]. For pH titration studies, the optical spectra were collected at 
varying pH, which was adjusted at the desired value by adding 0.1–0.5 M NaOH or 0.1–0.5 M HCl. The 
pKa values were determined by fitting the absorbance at 699 nm of the Cc species as a function of pH to 
the Henderson-Hasselbalch equation. 
2.6. Molecular dynamics simulations 
The Molecular Dynamics (MD) calculations were run using both a homology model and the most 
representative NMR structure of human Cc (PDB access code 1J3S) [40]. The MD simulations using the 
NMR structure showed large fluctuations and partial unfolding of the loop between residues 20 and 28, 
despite several equilibration protocols were assayed. The homology model was calculated with 
MODELLER [41] using the X-ray diffraction structures of Cc from horse heart (1HRC) [42], yeast 
(1YCC) [43], yeast iso-2 (1YEA) [44], and rice (1CCR) [45]. The maximum backbone RMSD between 
the templates and the nine best models resulting from annealing simulations was 0.74 Å. 
MD simulations were carried out using AMBER 9.0 [46] under the AMBER 96 force field [47] in a Dell 
PowerEdge cluster. All calculations (minimum distance between protein and cell faces, initially set to 10 
Å) cell geometry and PME electrostatics with a Ewald summation cutoff of 9 Å [48] force field 
parameters, corresponding to the oxidised haem moiety. The charges and force field parameters of 
nitrated tyrosine residues were derived from ab initio calculations in GAMESS [49] using the 631G* 
Basis set (unpublished data). Chloride counterions were added to neutralise charges. All systems were 
solvated with TIP3P water molecules [50] using the TLEAP module of AMBER. Protein side-chains 
were then energy-minimised (250 steepest descent and 750 conjugate gradient steps) down to a RMS 
energy gradient of 0.0125 kJ mol
−1
 Å
−1
, using the SANDER module of AMBER. Afterwards, solvent and 
counter-ions were subjected to 500 steps of energy minimisation and then submitted to NPT-MD using 
isotropic molecule position scaling and a pressure relaxation time of 2 ps at 25 °C. Temperature was 
regulated with Berendsen's heat bath algorithm [51] using a coupling time constant equal to 0.5 ps. After 
100 ps simulation, the density of the system reached a plateau. Then, for each protein, the whole system 
was energy-minimised and submitted to NVT-MD at 25 °C, using 1.6 fs integration time steps. Snapshots 
were saved every 4 ps. The SHAKE algorithm [52] was used to constrain bonds involving hydrogen 
atoms. Coordinate files were processed using the PTRAJ module of AMBER.  
2.7. Peroxidase activity assays 
The peroxidase activity of the different Cc species was determined as previously described [28], with 
minor modifications, by following the fluorescence increase of reduced 2'7'-dichlorofluorescein (H2DCF) 
upon oxidation by hydrogen peroxide. The fluorescence emission of Cc samples in a 1.0 mL quartz 
cuvette, with an excitation wavelength of 502 nm, were measured at 522 nm in a Cary Eclipse (Varian) 
fluorescence spectrophotometer with optical slits of 1.5 nm. Each sample contained 1 μM Cc and 500 nM 
H2DCF in 50 mM sodium phosphate buffer, at a pH value ranging between 5.0 and 9.0. Upon addition of 
100 μM H2O2, the peroxidase activity was estimated by monitoring the fluorescence increase at 522 nm. 
Bovine serum albumin (BSA) was used as a control. Each experimental data were the average of at least 
eight independent measurements.  
2.8. Apaf-1/Cc cross-linking and light scattering 
For cross-linking experiments, 100 μg of Jurkat cell extracts, obtained and treated as previously described 
[26], were incubated for 15 min at 37 °C with 200 μMdATP, 200 μMDTT, 20 mMKCl, 2.5 μM Cc and 4 
mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) in a final volume of 25 μL. 
To stop the reaction by unfolding the proteins, 10 μL of Laemmli buffer was added. The resulting sample 
was first loaded onto a 6% polyacrylamide electrophoretic gel, and after transferred to a 
nitrocellulosemembrane (Trans-Blot, BioRad), which was incubated overnight with polyclonal antibodies 
against Cc. Labelled proteins, after being incubated with a second antibody anti-rabbit IgG-HRP 
conjugate (Sigma),were detected by exposition to an X-ray film upon addition of the ECL Western 
Blotting Solution (Amersham). As a control of the cross-linking experiments, antibodies against Apaf-1 
(Santa Cruz Biotechnologies) were used. 100 μL of Jurkat cells extract, previously obtained as described 
above, was incubated with 2 μg of anti-Apaf-1, which interacts with protein A in a Sepharose matrix (GE 
Healthcare). After centrifugation, the precipitatedmatrix wasdissolved in Laemmli buffer, loaded onto a 
polyacrylamide gel and detected as explained above.  
Light scattering was followed in a Jasco FP-6500 spectrofluorometer, using a 0.1 mL quartz cuvette (light 
path, 10 mm,) with an excitation and emission wavelength of 500 nm. Light dispersion was successively 
recorded, first with the buffer alone (20 mMHEPES-KOH, pH 7.5, containing 10 mM KCl, 1.5 mM 
MgCl2, 1 mM EDTA and 1 mM EGTA), for 1 min, upon addition of Apaf-1-xl at 1 μM final 
concentration for one more minute, and finally upon addition of Cc at 10 μM final concentration. 
2.9. Caspase-9 activation 
In vitro assay of caspase-9 activation was as described in [33]. Nitrated and non-nitrated Cc species, at 
20–40 nM final concentration, were incubated with 100 nM Apaf-1 and 100 μM dATP in a total volume 
of 195 μL of 20 mM HEPES-KOH buffer (pH 7.5) containing 10 mM KCl, 1.5 mM MgCl2, 1 mM 
EDTA, 1 mM EGTA, 1 mM DTT and 0.1 mM PMSF. After 1 h incubation at 30 °C, 5 μL of 4 μM PC9 
were added to each sample up to reach a final concentration of 100 nM. After incubation for another 10 
min at 30 °C, the caspase-9 substrate Ac-LEHD-AFC (Sigma) was added to 50 μM final concentration. 
The increase in fluorescence resulting from Ac-LEHD-AFC cleavage was determined in a Victor 
fluorescent detector (Perkin Elmer, USA), using an excitation wavelength of 400 nm and an emission 
wavelength of 508 nm. Each experimental data were the average of at least three independent 
measurements.  
3. Results 
3.1. Changes in secondary structure 
Far-UV CD spectra reveal that the tyrosine-by-phenylalanine mutations significantly favour the α-helix 
formation at the expense of turns (see Supplementary Data). This is as expected because of the larger 
tendency of phenylalanines and tyrosines to be in helices and turns, respectively [53]. However, the α-
helical content of monotyrosine Cc mutants is larger than that of h-Null, a finding that can be specifically 
ascribed to the particular re-arrangement of the H-bond network (see MD data below). Moreover, the CD 
spectra (Fig. 2) show no substantial changes in the global secondary structure content of the nitrated and 
non-nitrated forms of h-Y67, h-Y74 and h-Y97.  
Protein oxidation could take place during the peroxynitrite treatment. Hence, to test the effect that the 
nitration reaction could have on Cc folding, the h-Null Cc mutant – with all its five tyrosine residues 
replaced by phenylalanines – was subjected to the same nitration protocol as the monotyrosine mutants. 
The far-UV CD spectrum of the resulting protein, the so-called h-Null:N, is identical to that of the non-
treated h-Null (see Supplementary Data), thus suggesting that the differences in secondary structure 
mentioned above are specifically due to nitrated tyrosines. 
3.2. Thermal stability of cc mutants 
Given that nitration itself hardly alters the global folding of Cc (Fig. 2), we tested whether the chemical 
treatment of Cc withONOO
-
, a highly reactive molecule, or addition of a –NO2 group to tyrosine residues 
could affect the thermal stability of the metalloprotein. 220-nm CD spectroscopy showed that the loss of 
the phenolic –OH group because of the tyrosine-by-phenylalanine mutation has no consequences on haem 
protein stability (Table 1). Actually, h-WT and h-Null show similar values for the midpoint melting 
temperature (Tm), namely 85.9 °C and 85.3 °C, respectively (see Supplementary Data). Moreover, the h-
Null:N mutant, which was subjected to nitration, behaves as h-Null in terms of stability (Table 1). 
The change in the Tm value (ΔTm) of the monotyrosine Cc mutants upon addition of a –NO2 group to the 
remaining tyrosine residue depends on the position of the modified residue. Whereas the thermal 
unfolding curves of h-Y67 and h-Y67:N are almost identical, the addition of a –NO2 group to Tyr74 or 
Tyr97 destabilises the proteins by ca. 4 or 2.5 °C, respectively (Fig. 3 and Table 1). These changes in 
stability between nitrated and non-nitrated forms are confirmed by differential scanning fluorimetry 
(DSF) using the fluorescent SYPRO Orange dye, although ΔTm is a little higher with some mutants 
(Table 1). As the paramagnetic –NO2 group added at positions Tyr74 and Tyr97 is quite close to the π-
orbital electrons of two aromatic residues (Trp59 and Phe10, respectively), the resulting repulsive forces 
between negative charges could compromise protein stability. Actually, the repulsion Tyr74-NO2−Trp59 
is substantially more intense, so explaining the lower Tm value of this monotyrosine mutant and its greater 
instability upon nitration. Essentially, Trp59 is placed in between Tyr67 and Tyr74. Unlike Tyr74-NO2, 
Tyr67-NO2 has no effect on Tm because its –NO2 group does not lie on the π-electron cloud of Trp59. 
3.3. Alkaline transition 
In the pH range between 1 and 12, oxidised Cc shows at least five different conformations because of 
changes in haem axial ligands and/or protein folding [38,54,55]. Previous work from Radi's group [25] 
shows that the addition of a –NO2 to Tyr74 of horse Cc shifts the pKa value of the alkaline transition 
towards neutral pH. We thus investigated the effect of nitration on the pH dependence of monotyrosine 
mutants of human Cc in which only one of the residues Tyr67, Tyr74 or Tyr97 is chemically modified. 
First, 
1
H NMR analyses, along with visible absorption and EPR measurements, were performed to link 
the presence of Tyr-NO2 with the pKa value of the welldescribed alkaline transition in cytochromes. 
Second, the pH dependence of each nitrated monotyrosine Cc mutant was correlated with the 
measurements of its peroxidase activity.  
The haem group and its axial iron ligands in cytochromes have been extensively characterised by 
1
H 
NMR spectroscopy [56,57]. Actually, the superWEFT pulse sequence has been used in pH titration 
studies to observe the fast relaxing signals located close to the Fe(III) ion of Cc species [37]. In our 
superWEFT experiments, the spectral window was 100 ppm to display the resonances corresponding to 
haem methyl 8, haem methyl 3 and that of the haem axial ligand Met80 (Fig. 4A). Actually, the 
1
H NMR 
spectra of Cc mutants showed that the resonances corresponding to the neutral and alkaline species are 
identical to those observed with WT. Interestingly, the multiple set of haem methyl-8 signals with nitrated 
Cc mutants reveals that such a group adopts several conformations because of an increased in the 
dynamics of the Cc Ω-loop upon nitration (see below). For all Cc samples, the down- and up-field signals 
underwent substantial line broadening upon pH titration. However, the changes affecting the haem methyl 
resonances revealed an overall perturbation of the haem environment, whereas the loss of the intense up-
field signal at ca. –20 ppm, corresponding to the ε-CH3 group of Met80, unequivocally evidenced the 
detachment of Met80 from the haem iron.  
Moreover, the broad resonance located at ca. –9 ppm can be only identified in the alkaline forms of h-
WT, h-Y67 and h-Y67:N. It closely resembles a signal assigned to Lys79, which could serve as the axial 
ligand instead of Met80. Even though such signal is not detected in h-Y74:N, the EPR measurements (see 
below) confirm not only that the low-spin character at the Fe(III) centre is conserved for all these 
samples, but also that the metal site structure in the alkaline form is independent of the Cc post-
translational modification by nitration.  
The pH titrations allow us to determine a pKa value for every nitrated and non-nitrated forms of the three 
monotyrosine Cc mutants (Fig. 4A), along with those of the h-WT and h-Null species. The chemical 
process itself, as well as methionine oxidation derived from the nitration reaction, has no effect on either 
the neutral or the alkaline forms of Cc, as can be seen in the h-Null:N species used as a control. Alkaline 
transition was checked to be a reversible process for all Cc samples, recovering the 
1
H line-width at pH 
ca. 6.5 (see Supplementary Data). 
In Fig. 4A, the pH titrations of nitrated and non-nitrated forms of h-Y67, h-Y74 and h-Y97 followed by 
1
H NMR spectroscopy are shown. In all cases, raising the pH resulted in similar spectral perturbations 
although the pKa value of the alkaline transition is highly dependent on the mutant and on its nitration 
state. Interestingly, the tyrosine-byphenylalanine mutations in h-Y74, h-Y97 (Fig. 4A) and h-Null 
increase the pKa values by more than one pH unit compared with h-WT (pKa of 9.3) (see Supplementary 
Data). Nonetheless, in the case of h-Y67 (Fig. 4), the 
1
HNMR spectroscopy displays some perturbations 
compared with the spectrum of h-WT, although the pKa value of h-Y67 is lowered by 0.8 pH units (pKa 
of 8.5, Table 2). This finding demonstrates, on one hand, that the H-bonding network in which Tyr-OH is 
involved modulates the transition of Cc from state III to “alternative low-spin conformations,” which in 
most cases correspond to state IV. On the other hand, the deprotonation of tyrosine in the h-Y67 mutant 
specifically triggers a conformational change in the protein coupled to the shift of alkaline transition 
towards near-to-neutral pH, as described by Radi and co-workers [25]. Although this is in agreement with 
the proximity of Tyr67 to the haempocket (Fig. 1A), nitration of such residue has little effect on the pKa 
value (Table 2).  
Nitration of the most solvent-exposed tyrosine residues – Tyr74 and Tyr97 – makes the respective h-Y74 
and h-Y97 mutants behave in a different way, a finding that is in marked contrast to the previously 
reported data by Abriata et al. [25] but that can be ascribed to the fact that the chemical procedure to 
nitrate Tyr97 also nitrates Tyr74 when it is present in the protein. Here, the alkaline transition for the h-
Y97: N mutant is identical to that of h-Y97, whereas the nitration of Tyr74 (in the so-called h-Y74:N 
mutant) lowers the pKa to 7.8 (Table 2). It thus seems that both Tyr67-OH and Tyr74-NO2 collaborate in 
shifting the alkaline transition of human Cc to physiological conditions, which becomes a phenomenon of 
biological relevance. 
Fig. 4B shows the EPR spectra of nitrated and non-nitrated forms of h-Y67, h-Y74 and h-Y97 at different 
pH values. At pH 6.0, all the samples show a mixture of high- and low-spin states. Actually, the signal 
with a g-value of 5.7 is typical of a high-spin Fe(III) atom in a tetragonal ligand field, consistent with a 
penta-coordinated iron atom. Such assignment is compatible with the existence of a 625 nm band in the 
visible absorption spectra (Fig. 5). In addition, two signals with g-values of 3.03 and 2.22 reveal amajor 
population of hexa-coordinated low-spin iron, in agreement with NMR data. Finally, a small signal with a 
g-value of 4.30 indicates the presence of a high-spin ferric species with rhombic symmetry. This is 
normally attributed to a population displaying damage at the metal site. Other signals are not easily 
identified at first glance, but they suggest that other low-spin states might also be populated at this pH 
value. 
The shapes of the EPR spectra of h-Y67, h-Y67:N and h-Y74:N change significantly with increasing pH, 
as expected from other spectroscopic data herein presented, and only the signal at g equal to 4.30 remains 
unchanged. Both the signal corresponding to pentacoordinated high-spin iron and that matching the low-
spin species fade along pH titration. Simultaneously, new low-spin signals appear. The h-Y67 mutant 
exhibits a main signal with gz=3.4 and gy=2.2. The h-Y67:N and h-Y74:N forms show, among others, 
signals at gvalues of 3.2 and 2.1. Such changes appear, at least partially, at pH 8.0, in agreement with the 
alkaline transition pKa values calculated from NMR and UV/Vis spectra. In contrast, the spectra of h-
Y97, h-Y97:N and h-Y74 do not change within the assayed pH range, in agreement with their high pKa 
value.  
It is worth noting that the high-spin contributions are much larger in the case of h-Y67:N and h-Y74:N. 
Actually, their intensities are high enough as to make it feasible to detect a signal with a g-value equal to 
2.0, which could be assigned to the weak g of this species. Upon nitration, the two spin-state populations 
vary according to changes in both the relative energy and dynamics of the molecule. The absence of the 
high-spin state at high pH is consistent with a larger covalence (ligand field) in the haem moiety, as 
expected from a change of methionine by lysine. 
The Fe–Sδ(Met80) bond can also be studied by UV/Vis spectrometry by following the charge transfer 
band at 699 nm at varying pH [58]. The detailed spectrophotometric pH titration of h-Y67 and h-Y67:N 
shows that their 699 nm band is lost at pH values higher than 8.0 (pKa of 8.8 and 8.3, respectively; Table 
2), thereby suggesting that only the Tyr67-OH group – and not Tyr67-NO2 – is responsible for the 
alkaline transition to occur ‘earlier’ than in h-WT (Fig. 5).  
In addition, the intensity of the 699 nm band in h-Y74:N does also significantly decrease when the 
spectrum is recorded at pH 8.0, shifting the pKa value by 1.5 units compared to h-WT (pKa of 7.8, Table 
2). This behaviour retains the pKa drop of the phenolic –OH group from ca. 10 to 7.5 upon tyrosine 
nitration [59]. However, only Tyr74 nitration is capable of triggering the alkaline transition because no 
differences were observed between the nitrated and non-nitrated forms of h-Y67 and h-Y97 (Fig. 5 and 
Table 2). Also, the increase in the alkaline transition pKa upon tyrosine-by-phenylalanine replacement 
occurs in the h-Y74 and h-Y97 mutants (Fig. 5), as well as in the h-Null species, in good agreement with 
our NMR and EPR data (Table 2).  
3.4. Molecular dynamics calculations 
To test putative structural changes of Cc upon mutation and further nitration, we performed MD 
calculations on oxidised h-Y67 and h-Y74 as compared with the oxidised h-WT species. The h-Y97 
forms were not calculated because none of them (either non-nitrated or nitrated) showed substantial 
changes in secondary structure and alkaline transition pKa. Oxidised forms of single tyrosine mutants 
were simulated in both non-nitrated and nitrated states. The trajectory lengths were 10 ns, except those of 
the h-WT and h-Y74: N forms, which were 15.8 and 18.4 ns. All the trajectories reached a plateau in the 
backbone root mean square deviation (RMSD) with respect to the starting structure after a period ranging 
between 400 ps and 1 ns (Fig. 6). The maximum backbone RMSD average (at the plateau) along the 
calculations ranged from 0.91 to 1.53 Å, with the highest value corresponding to the h-Y74:N simulation. 
The analysis of atomic fluctuations (Fig. 6) along the trajectories  hows that all Cc species have a very 
flexible region between residues 20 and 29. In fact, the conformation of such a loop in the NMR structure 
of reduced human Cc (PDB code 1J3S) [40] is very different compared with other cytochromes, like 
those herein used as templates in the homology model (see Materials and methods). Calculations starting 
from the NMR structure were unstable, with average RMSD values larger than 4, because of unfolding of 
the 20–29 loop and surrounding regions. Another flexible region corresponds to the residues 42–47, 
which are near the above mentioned region. 
Nitration of Tyr67 or Tyr74 affects the dynamics of the Ω-loop (comprising residues from Asn70 to 
Ile85), which contains the sixth Fe ligand (Met80) and nearby regions. The comparisons between 
fluctuations in the non-nitrated and nitrated forms of the h-Y67 and h-Y74 mutants are thus shown in Fig. 
6. In addition to the two hotspots displayed in all simulations, h-Y67:N exhibits an enhanced motion in 
the sequence stretch between residues 71 and 77, as well as between residues 82 and 83. A minimum in 
this region corresponds to Met80, whose bond to the haem iron atom cannot be broken along simulations 
and imposes a restraint on the dynamics. In addition, the force field parameterisation [48] of this bond 
corresponds to a single state of the haem moiety. Hence, such an enhancement of the dynamics in the Ω-
loop is probably underestimated in the simulations. The fluctuations of the stretch involving residues 86–
91, at one end of the Ω-loop, are larger in h-Y74:N than in h-Y74.  
In agreement with our CD data, h-Null and the monotyrosine Cc mutants hardly differ in their secondary 
structure content. However, the nitration of h-Y67 and h-Y74 slightly destabilises their α-helices (see 
Supplementary Data). Actually, helices 2, 3 and 4 – the latter helix is located next to the Ω-loop – are 
somewhat perturbed in h-Y67:N and h-Y74:N; the latter mutant even shows a destabilisation of the N-
terminus of helix 5, at the other end of the Ω-loop. Moreover, residues 35–37 shift their secondary 
structure from turns to 310- elices in the two nitrated mutants. 
It has been recently proposed [25] that a H-bond between Tyr67-OH and the Sδ(Met80) atom is 
responsible for the change induced by nitration in the alkaline transition pKa of horse Cc. However, our 
analysis of the H-bonds involving residue side-chains along the MD trajectories (see Supplementary 
Data) reveals that no H-bond involving the Sδ(Met80) atom can be detected in any calculation, but a weak 
H-bond is established by the Oγ1(Thr78) atom with Tyr67-OH.  
There are no differences in the highest occupancy (N85%) H-bonds between the different Cc forms (see 
Supplementary Data). The largest differences in the H-bonding patterns between h-WT and the mutant 
species are located in the surroundings of the carboxyl group of the ring A propionate. Most of these 
changes are, however, small shifts on the occupancies of native bonds rather than the complete loss of any 
given bond. Nevertheless, Tyr48-OH binds to ring A propionate in h-WT but is missing in h-Null and all 
monotyrosine mutants. The occupancy of this bond is 76% in h-WT, and its absence could explain the 
particular behaviour of h-Y67: The energy cost of burying the H-bonds surrounding Tyr67 cannot be 
compensated by such a neighbouring stabilising interaction. Hence, alkaline transition is favoured since it 
takes the Tyr67 ring outside, as inferred from the NMR structure of the alkaline yeast iso-1-
ferricytochrome (PDB code 1LMS) [22]. This is not the case for h-Y74 because the hydroxyl group of 
Tyr74 is already exposed to solvent at neutral pH.  
In summary, no differences in H-bonding can explain the different behaviours of the Cc species as 
regards their alkaline transition and peroxidase activity (see below). 
3.5. Peroxidase activity of cc mutants 
Like most haem proteins, Cc exhibits peroxidase activity. Lawrence and co-workers [60] attributed this 
peroxidase activity to the formation of a compound I-type intermediate when Cc reacts with H2O2. 
However, there are controversial data concerning the relationship between any disruption of the Fe-
Sδ(Met80) bond of Cc and its peroxidase activity. Some authors attributed the observed increase in 
peroxidase activity upon alkaline transition [18,19,25] to the breakage of this bond. Others [28,61] 
propose that the protein matrix controls the catalytic activity of Cc by impairing the access of H2O2 
molecules to the haem crevice. 
If the breakage of the Fe-Sδ(Met80) bond is important for the peroxidase activity, this might be higher at 
pH values below the alkaline transition pKa because of the exchange to penta-coordinated state, as 
inferred from our EPR data. Moreover, the alkaline form shows a stronger ligand field and, hence, a lower 
rate of ligand exchange and a more stable low-spin (hexa-coordinated) species. In contrast, the haem 
group shows a large solvent accessibility in the alkaline form of yeast iso-1-ferricytochrome [22], which 
is more susceptible to the effects of H2O2. Therefore, we studied the pH dependency of the peroxidase 
activity of Cc.  
Fig. 7 shows the typical kinetic traces of peroxidase activity assays. After a short time lag, the final 
reaction product accumulates and becomes detectable by fluorimetry. When comparing the data obtained 
with different Cc species, the slopes of the kinetic traces are similar at a given pH value but increase 
substantially from pH 7.5 to 8.0, no matter if the alkaline transition pKa is around 11, as in h-Y97. Like in 
other systems [28], the peroxidase activity of h-Y97 increases with increasing pH, although the Fe-
Sδ(Met80) bond remains “intact”. Assuming a pH-dependent increase in the accessibility of the haem 
group [62], the differences in activity between h-Y67, h-Y74, h-Y97 and h-Null are related rather to the 
lag time than to the kinetic slopes (Fig. 7). The low peroxidase activity of h-WT could be ascribed to its 
tighter H-bonding network, which makes the protein structure more compact and hinders the access of 
H2O2 to the haem group (see Supplementary Data). In agreement with our MD calculations (see above), 
Tyr48 may play a critical role since its replacement by phenylalanine impairs the formation of the stable 
H-bond with ring A propionate (see above) in h-WT but not in any of the mutants. 
Among the nitrated mutants, only h-Y74:N shows a peroxidase activity significantly greater than its 
respective non-nitrated form (Fig. 7). Thus, the nitration of such particular tyrosine could be mainly 
responsible for the change in enzymatic reaction. This seems to be due to a shortening of the lag phase 
rather than to an increase in the kinetic slope. 
It is well-documented that the existence of nitrated tyrosines enhances the gain of peroxidatic activity of 
the Cc protein [18,19]. This phenomenon correlates well with a shift of the alkaline transition pKa 
towards near-to-neutral pH values [25], which are much closer to physiological conditions. In agreement 
with this, the h-Y74:N mutant experiences an “early” alkaline transition. These results provide insight 
into the role of Cc nitration, which switches from an electron transport carrier [26] into a peroxidase. So 
post-translationally modified Cc by nitration of Tyr74 could trigger the oxidation of mitochondrial 
phospholipid membranes, crucial for the further release of proapoptotic factors, including Cc [27], and 
caspases activation during the cell death pathway. 
3.6. Cc-dependent activation of caspases 
In a previous work [26],we studied the activation of caspases 3 and 7 upon the addition of non-nitrated or 
nitrated Cc forms to Jurkat cell extracts. The major drawback of such assays was that human Cc not only 
interacted with Apaf-1 as a previous step in forming the apoptosome and in caspases activation, but also 
with other proteins because of its basic isoelectric point (pI ca. 9.6) [63]. To discard the possibility of 
unspecific interactions with non-physiological partners, we reconstituted in vitro the apoptosome by 
incubating recombinant Apaf-1 with the nitrated or non-nitrated Cc species. The further addition of PC9 
to the mixture was used to measure its activation to caspase-9 by fluorescent methods. 
Even though Cc nitration can promote perturbations at the protein surface – and, in particular, at the most 
solvent-exposed tyrosine residues – that could impair the molecular recognition between Apaf-1 and Cc, 
the cross-linking and light scattering measurements demonstrate that the protein complex is formed 
independently of whichever tyrosine residue is nitrated (Fig. 8). Actually, the increase in light scattering 
of the Apaf-1 samples upon addition of either nonnitrated or nitrated Cc mutants reveals that the complex 
is being formed. Therefore, the low ability of most nitrated Cc mutants to activate caspase-9 (Fig. 8) 
suggests that the chemically modified proteins are not fully functional in the apoptosome assembly. 
Actually, non-functional aggregates of the apoptosome have previously been observed when the exchange 
between Apaf-1-bound dADP and exogenous dATP fails [64]. 
As shown in Fig. 8, all non-nitrated mutants conserve most of their ability to activate caspase-9 at pH 7.5, 
thus suggesting that the tyrosine residues themselves are not essential for triggering apoptosis. 
Interestingly, h-Y97 and h-Null exhibit a decrease of ca. 20% in the caspase-9 activity compared to h-
WT. However, nitration alters the ability of monotyrosine Cc mutants to activate caspases depending on 
the position of the tyrosine nitrated (Fig. 8). Actually, h-Y97:N shows activity levels similar to h-Y97, but 
the h-Y67:N and h-Y74:N mutants yield much lower values than their respective non-nitrated forms. At 
high protein concentration, h-Y67:N maintains ca. 45% of the h-Y67 activity and h-Y74:N only retains 
ca. 15% of the unmodified protein. Even more interesting is the finding that h-WT:N possesses an activity 
similar to h-Y74:N. Therefore, the inhibitory effect on caspase-9 activation observed with the polynitrated 
h-WT species could be ascribed to the specific nitration of Tyr74 rather than to any cooperative effect 
among different Tyr-NO2 groups, contrary to the previously suggested mechanisms [26]. 
The identical behaviour of h-Null and h-Null:N assures that the nitration-dependent decrease in the ability 
of Cc to activate caspase-9 is not due to unspecific protein modifications arising from the treatment with 
peroxynitrite. All these data indicate that the interaction of Cc with Apaf-1 takes place mainly through the 
Ω-loop and, in particular, through the residues Lys72, Lys73 and Tyr74 [26,65,66]. Upon Tyr74 nitration, 
the alkaline transition shifts towards near-to-neutral pH values (pKa of 7.8), which induces the 
replacement of Met80 by Lys73 or Lys79 as haem axial ligand. Such conformational changes in the Ω-
loop drastically affect the electrostatic surface properties of Cc, thereby contributing to the assembly of a 
non-functional apoptosome, which is unable to activate caspases and to drive cells to apoptosis. 
4. Discussion 
Post-translational covalent modifications – namely, phosphorylation, glycosylation and nitration; 
although the latter could rather be considered as a co-translational change [67] – are critical to coordinate 
the compartmentalised metabolism and destiny of proteins inside the cells, so defining the diversity of 
physiological roles played by these proteins. Actually, the RNOS produced in mitochondria are 
responsible for oxidation of protein tyrosine to 3- nitrotyrosine, thereby causing the loss or gain in protein 
functions.  
Respiratory Cc is an excellent case study in which the specific addition of a –NO2 group to Tyr74 inside 
the mitochondria has opposite effects on the energy metabolism and on the first steps of apoptotic 
signaling. On the basis of the lower redox potential values observed in nitrated Cc forms, our group has 
recently reported that h- Y74:N is unable to react with cytochrome c oxidase, the well-known complex IV 
of the mitochondrial respiratory chain [26]. The data herein presented likewise indicate that the specific 
nitration of Tyr74 elicits a peroxidase activity in Cc at alkaline pH values. Investigation is currently in 
progress to check whether such activity could be further involved in the oxidation of membrane lipids, 
such as cardiolipin, and/or in the release of proapoptotic mitochondrial factors to the cytoplasm. It is well-
described that non-nitrated Cc leaves to the cytoplasm after mitochondrial membrane permeation and 
continues the development of the apoptotic program by forming a functional apoptosome, upon binding to 
Apaf-1, in the cytosol. 
Therefore, the post-translationally modified Cc upon nitration, mainly associated to the mitochondrial 
phospholipid membrane, seems to be essential in triggering the “early” apoptotic signaling events, 
whereas the cytoplasmic non-nitrated Cc amplifies the programmed cell death signal by caspases cascade 
activation. Interestingly, the two extra functional aspects of nitrated Cc – peroxidase activity and 
inactivation of apoptosome – are due to the specific nitration of Tyr74 and do not respond to any 
cooperative effect of the –NO2 group added to any other tyrosine residue. The cell compartmentalisation 
of the apoptosis process, with nitrated proteins mainly in the mitochondria but not in the cytosol, would 
be partially lost by the presence of cytoplasmic nitrated Cc, which specifically competes with non-nitrated 
Cc by the Apaf-1 binding site and blocks the PC9 activation by forming a non-functional apoptosome. 
An even higher level of complexity is attained when considering the oxidation of phosphatidylserine, a 
phospholipid allocated in the inner leaflet of plasma membrane, because of the strengthened catalytic 
activity of nitrated Cc. It has been proposed that the externalisation of oxidised phosphatidylserine on the 
surface of the plasma membrane is one of the hallmarks essential for the clearance of apoptotic cells via 
phagocytotic pathways [61]. 
However, the low overall yield of in vivo protein nitration arises a number of questions about the 
physiological relevance of nitrated Cc. Protein nitration is a relatively widespread modification observed 
in vivo in a large number of proteins, both under normal and disease conditions, but it has been reported 
that only 1–5 residues over 10,000 tyrosines are nitrated in stressed tissues [4]. Taking also into account 
that no more than 10% of Cc is normally bound to the mitochondrial inner membrane [68], it is tempting 
to say that most of the Tyr74-nitrated Cc is closely associated to mitochondrial cardiolipin and, therefore, 
it is unlikely that it can be involved in blocking the apoptosome formation in the cell cytoplasm. 
The behaviour of h-Y74:N herein described in the apoptotic context must respond to drastic molecular 
changes experienced upon nitration in terms of haem environment, secondary structure content, thermal 
stability and alkaline transition of Cc. Actually, the addition of a –NO2 group to Tyr74 makes the protein 
increase its content in turns but keep its overall folding. 
Both Asn52 and Trp59 interact with the haem propionate groups (see Supplementary Data). Asn52 is a 
buried residue – with large effects on the global stability of the 16-residue Ω-loop [69] – that interacts 
with Tyr67, which is located in the 60's α-helix [70], through a water-mediated H-bond. It has recently 
been reported that the Hbonding network surrounding Tyr67 is essential for maintaining protein stability 
and increasing peroxidase activity [71]. Our pH titrations and MD studies reveal certain rearrangements 
in one of these interactions involving Thr78 and Tyr67, whose phenolic group is crucial in shifting the 
alkaline transition pKa towards neutral pH. It is worth mentioning that, contrary to previous assumptions 
[25], Tyr67 and Met80 are not close enough as to form a H-bond in any of the 20 conformations of the 
human Cc NMR structure [40]. Even though no direct contacts could be detected between Tyr67 and 
Met80, they are both connected through Ω-loop Thr78. Thus, Tyr74 nitration may perturb its interaction 
with Trp59, which would be tuned towards Asn52 to disrupt a water-mediated H-bond with Tyr67. Then, 
the Tyr67–Thr78 H-bond is impaired and the whole Ω-loop is shifted, as shown in Fig. 9. An alternative 
pathway has been proposed in nitrated horse Cc [25], in which the addition of a –NO2 group to Tyr74 
creates a steric hindrance with Glu66. However, Glu66 only contributes to the Ω-loop stability by means 
of a salt bridge with Lys73 [73], whose role in the Cc alkaline transition has been extensively discussed 
[74]. It thus seems that nitration of Tyr74 destabilises the Ω-loop and makes it much more flexible, as 
shown in our MD calculations. As a result, the alkaline transition shifts towards physiological pH values. 
Actually, the alkaline transition experienced by Cc matches theΩ-loop unfolding [74]. 
The peroxidase activity of the haem group depends on the rate of exchange of the Fe axial ligand by 
H2O2. In its turn, such a rate relies on the strength of the metal coordination and haem moiety 
accessibility. In addition, the protein dynamics modulates both terms. When Tyr74 is nitrated, the Ω-loop 
increases its mobility even at neutral pH, thereby weakening the bond between the Sδ(Met80) and Fe 
atoms, as the appraisal of the high-spin species indicates (Fig. 4). Above physiological pH, the Sδ(Met80) 
atom is replaced by the nearby Lys79 ε-amino group [72], which may form a stronger bond with the 
metal, with the concomitant decrease in high-spin haem Fe population (Fig. 4). It is remarkable that the 
haem group is highly exposed to solvent in the alkaline structure of Cc [22]. Hence, the tighter binding of 
lysine to Fe might lead to a decrease in the intrinsic ligand exchange rate (with H2O2), but the larger 
accessibility for H2O2 yields a net increase in the peroxidase activity of Cc. In the alkaline structure, the 
conformational changes of theΩ-loop – which contains several residues, namely Lys72 and Lys73, that 
are involved in binding to Apaf-1 and cardiolipin – impact both on the assembly of a non-functional 
apoptosome unable to activate caspases [66] and on the electrostatic/hydrophobic interactions with 
anionic phospholipids [28,75]. In fact, the loss of tertiary structure caused by the interaction of Cc with 
mitochondrial membrane [75] favours the extended lipid anchorage to the haem crevice. Nonetheless, 
further studies concerning the interaction between mononitrotyrosine Cc species and anionic 
phospholipids embedded in micelles or liposomes are required to delve into the early stages of apoptosis. 
Acknowledgements 
The authors thank Dr. M. Hervás and Dr. J. A. Navarro for helpful discussions and P. Alcántara for 
technical assistance. This work was supported by the Spanish Ministry of Science and Innovation 
(BFU2006-01361/BMC and BFU2009-07190).  
Appendix A. Supplementary data 
Supplementary data associated with this article can be found, in the online version. 
References 
[1] R. Radi, Nitric oxide, oxidants, and protein tyrosine nitration, Proc. Natl. Acad. Sci. U.S.A. 101 
(2004) 4003–4008. 
[2] N. Abello, H.A.M. Kerstjens, D.S. Postma, R. Bischoff, Protein tyrosine nitration: selectivity, 
physicochemical and biological consequences, denitration, and proteomics methods for the 
identification of tyrosine-nitrated proteins, J. Proteome Res. 8 (2009) 3222–3238. 
[3] H. Ischiropoulos, Biological selectivity and functional aspects of protein tyrosine nitration, Biochem. 
Biophys. Res. Commun. 305 (2003) 776–783.  
[4] J.M. Souza, C. Castro, A.M. Cassina, C. Batthyány, R. Radi,Nitrocytochrome c: synthesis, 
purification, and functional studies, Methods Enzymol. 441 (2008) 197–215. 
[5] H. Ischiropoulos, Protein tyrosine nitration−an update, Arch. Biochem. Biophys. 484 (2009) 117–121. 
[6] L.M. Walker, J.L. York, S.Z. Imam, S.F. Ali, K.L. Muldrew, P.R. Mayeux, Oxidative stress and 
reactive nitrogen species generation during renal ischemia, Toxicol. Sci. 63 (2001) 143–148. 
[7] T. Koeck, X. Fu, S.L. Hazen, J.W. Crabb, D.J. Stuehr, K.S. Aulak, Rapid and selective oxygen–
regulated protein tyrosine denitration and nitration in mitochondria, J. Biol. Chem. 279 (2004) 
27257–27262. 
[8] J.M. Souza, I. Choi, Q. Chen, M. Weisse, E. Daikhin, M. Yudkoff, M. Obin, J. Ara, J. Horwitz, H. 
Ischiropoulos, Proteolytic degradation of tyrosine nitrated proteins, Arch. Biochem. Biophys. 380 
(2000) 360–366.  
[9] Q. Chen, E.J. Vazquez, S. Moghaddas, C.L. Hoppel, E.J. Lesnefsky, Production of reactive oxygen 
species by mitochondria: central role of complex III, J. Biol. Chem. 278 (2003) 36027–36031. 
[10] C. Szabó, H. Ischiropoulos, R. Radi, Peroxynitrite: biochemistry, pathophysiology and development 
of therapeutics, Nat. Rev. Drug Discov. 6 (2007) 662–680. 
[11] R. Radi, A. Cassina, R. Hodara, C. Quijano, L. Castro, Peroxynitrite reactions and formation in 
mitochondria, Free Rad. Biol. Med. 33 (2002) 1451–1464.  
[12] D.R. Bickers, M. Athar, Oxidative stress in the pathogenesis of skin disease, J. Invest. Dermatol. 126 
(2006) 2565–2575. 
[13] L. Castro, J.P. Eiserich, S. Sweeney, R. Radi, B.A. Freeman, Cytochrome c: a catalyst and target of 
nitrite-hydrogen peroxide-dependent protein nitration, Arch. Biochem. Biophys. 421 (2004) 99–107. 
[14] E. Ueta, T. Kamatani, T. Yamamoto, T. Osaki, Tyrosine-nitration of caspase 3 and cytochrome c 
does not suppress apoptosis induction in squamous cell carcinoma cells, Int. J. Cancer 103 (2003) 
717–722. 
[15] C.M. Schonhoff, B. Gaston, J.B. Mannick, Nitrosylation of cytochrome c during apoptosis, J. Biol. 
Chem. 278 (2003) 18265–18270. 
[16] C. Batthyány, J.M. Souza, R. Durán, A. Cassina, C. Cerveñansky, R. Radi, Time course and site(s) 
of cytochrome c tyrosine nitration by peroxynitrite, Biochemistry 44 (2005) 8038–8046. 
[17] M.J. Oursler, E.W. Bradley, S.L. Elfering, C. Giuvili, Native, not nitrated, cytochrome c and 
mitochondria-derived peroxide drive osteoclast apoptosis, Am. J. Physiol. Cell Physiol. 288 (2005) 
C156–C158. 
[18] A.M. Cassina, R. Hodara, J.M. Souza, L. Thomson, L. Castro, H. Ischiropoulos, B.A. Freeman, R. 
Radi, Cytochrome c nitration by peroxynitrite, J. Biol. Chem. 275 (2000) 21409–21415. 
[19] B. Jang, S. Han, Biochemical properties of cytochrome c nitrated by peroxynitrite, Biochimie 88 
(2006) 53–58.  
[20] H. Nakagawa, N. Komai, M. Yakusagawa, Y. Miura, T. Toda, N. Miyata, T. Ozawa, N. Ikota, 
Nitration of specific tyrosine residues of cytochrome c is associated with caspase-cascade 
inactivation, Biol. Pharm. Bull. 30 (2007) 15–20.  
[21] L. Banci, I. Bertini, H.B. Gray, C. Luchinat, T. Reddig, A. Rosato, P. Turano, Solution structure of 
oxidized horse heart cytochrome c, Biochemistry 36 (1997) 9867–9877. 
[22] M.Assfalg, I. Bertini, A.Dolfi, P. Turano,A.G.Mauk, F.I. Rosell,H.B.Gray, Structuralmodel for an 
alkaline form of ferricytochrome c, J. Am. Chem. Soc. 125 (2003) 2913–2922. 
[23] X.L. Hong, D.W. Dixon, NMR study of the alkaline isomerization of ferricytochrome c, FEBS Lett. 
246 (1989) 105–108. 
[24] L.C. Godoy, C. Muñoz-Pinedo, L. Castro, S. Cardaci, C.M. Schonhoff, M. King, V. Tórtora, M. 
Marín, Q. Miao, J.F. Jiang, A. Kapralov, R. Jemmerson, G.G. Silkstone, J.N. Patel, J.E. Evans, M.T. 
Wilson, D.R. Green, V.E. Kagan, R. Radi, J.B. Mannick, Disruption of the M80-Fe ligation 
stimulates the translocation of cytochrome c to the cytoplasm and nucleus in nonapoptotic cells, Proc. 
Natl. Acad. Sci. U.S.A. 106 (2009) 2653–2658. 
[25] L.A. Abriata, A. Cassina, V. Tórtora, M. Marín, J.M. Souza, L. Castro, A.J. Vila, R. Radi, Nitration 
of solvent-exposed tyrosine 74 on cytochrome c triggers heme ironmethionine 80 bond disruption, J. 
Biol. Chem. 284 (2009) 17–26.  
[26] V. Rodríguez-Roldán, J.M. García-Heredia, J.A. Navarro, M.A. De la Rosa, M. Hervás, Effect of 
nitration on the physicochemical and kinetic features of wild-type and mono-tyrosine mutants of 
human respiratory cytochrome c, Biochemistry 47 (2008) 12371–12379. 
[27] V.E. Kagan, V.A. Tyurin, J. Jiang, Y.Y. Tyurina, V.B. Ritow, A.A. Amoscato, A.N. Osipov, N.A. 
Belikova,A.A.Kapralov, V. Kini, I.I.Vasova, Q. Zhao,M. Zou, P.Di,D.A. Svistunenko, I.V. 
Kurnikov, G.G. Borisenko, Cytochrome c acts as a cardiolipin oxygenase required for release of 
proapoptotic factors, Nat. Chem. Biol. 1 (2005) 223–232.  
[28] N.A. Belikova, Y.A. Vladimorov, A.N. Osipov, A.A. Kapralov, V.A. Tyurin, M.V. Potapovich, L.V. 
Basova, J. Peterson, I.V. Kurnikov, V.E. Kagan, Peroxidase activity and structural transitions of 
cytochrome c bound to cardiolipin-containing membranes, Biochemistry 45 (2006) 4998–5009. 
[29] F. Sinibaldi, L. Fiorucci, A. Patriarca, R. Lauceri, T. Ferri, M. Coletta, R. Santucci, Insights into 
cytochrome c–cardiolipin interaction. Role played by ionic strength, Biochemistry 47 (2008) 6928–
6935. 
[30] S.M. Kapetanaki, G. Silkstone, I. Husu, U. Liebl, M.T. Wilson, M.H. Vos, Interaction of carbon 
monoxide with the apoptosis-inducing cytochrome c–cardiolipin complex, Biochemistry 48 (2009) 
1613–1619. 
[31] C.A. Appleby, Electron transport systems of Rhizobium japonicum: II. Rhizobium haemoglobin, 
cytochromes and oxidases in free-living (cultured) cells, Biochim. Biophys. Acta 172 (1969) 88–105. 
[32] H. Zou, Y. Li, X. Liu, X. Wang, An Apaf-1.cytochrome c mutimeric complex is a functional 
apoptosome that activates procaspase-9, J. Biol. Chem. 274 (1999) 11549–11556. 
[33] G. Malet, A.G. Martin, M. Orzáez, M.J. Vicent, I. Masip, G. Sanclimens, A. Ferrer-Montiel, I. 
Mingarro, A. Messeguer, H.O. Fearnhead, E. Pérez-Payá, Small molecule inhibitors of Apaf-1-
related caspase-3/-9 activation that control mitochondrialdependent apoptosis, Cell Death Differ. 13 
(2006) 1523–1532. 
[34] N. Sreerama, R.M. Woody, Estimation of protein secondary structure from CD spectra: comparison 
of CONTIN, SELCON and CDSSTR methods with an expanded reference set, Anal. Biochem. 282 
(2000) 252–260. 
[35] S.R. Martin, R.R. Biekofsky, M.A. Skinner, R. Guerrini, S. Salvadori, J. Feeney, P.M. Bayley, 
Interaction of calmodulin with the phosphofructokinase target sequence, FEBS Lett. 577 (2004) 284–
288. 
[36] D.I. Hoult, Solvent peak saturation with single phase and quadrature Fourier transformation, J. 
Magn. Reson. 21 (1976) 337–347. 
[37] I. Inubushi, E.D. Becker, Efficient detection of paramagnetically shifted NMRresonances by 
optimizing theWEFT pulse sequence, J. Magn. Reson. 51 (1983) 128–133. 
[38] R.E. Dickerson, R. Timkovich. The Enzymes, Boyer P.D., Academic Press, New York, 1995, pp. 
397–547. 
[39] M.T. Wilson, C. Greenwood, Studies on ferricytochrome c. 2. A correlation between reducibility and 
the possession of the 695 nm absorption band of ferricytochrome c, Eur. J. Biochem. 22 (1971) 11–
18. 
[40] W.-Y. Jeng, C.-Y. Chen, H.-C. Chang, W.-J. Chuang, Expression and characterization of 
recombinant human cytochrome c in E.coli, J. Bioenerg. Biomembr. 34 (2002) 423–431. 
[41] N. Eswar, B. Webb, M.A. Marti-Renom, M.S. Madhusudhan, D. Eramian, M.Y. Shen, U. Pieper, A. 
Sali, Comparative protein structure modeling using Modeller, Current Protocols in Bioinformatics, 
2007, [Chapter 5:Unit 5.6]. 
[42] G.W. Bushnell, G.V. Louie, G.D. Brayer, High-resolution three-dimensional structure of horse heart 
cytochrome c, J. Mol. Biol. 214 (1990) 585–595.  
[43] G.V. Louie, G.D. Brayer, High-resolution refinement of yeast iso-1-cytochrome c and comparisons 
with other eukaryotic cytochromes c, J. Mol. Biol. 214 (1990) 527–555. 
[44] N.E.Murphy, B.T.Nall, G.D. Brayer, Structure determination and analysis of yeast iso- 2-cytochrome 
c and a composite mutant protein, J. Mol. Biol. 227 (1992) 160–176.  
[45] H. Ochi, Y. Hata, N. Tanaka, M. Kakudo, T. Sakurai, S. Aihara, Y. Morita, Structure of rice 
ferricytochrome c at 2.0 Å resolution, J. Mol. Biol. 166 (1983) 407–418.  
[46] D.A. Case, T.A. Darden, T.E. Cheatham III, C.L. Simmerling, J. Wang, R.E. Duke, R. Luo, K.M. 
Merz, D.A. Pearlman, M. Crowley, R.C. Walker, W. Zhang, B. Wang, S. Hayik, A. Roitberg, G. 
Seabra, K.F. Wong, F. Paseani, X. Wu, S. Bronzell, V. Tsui, H. Gohlke, L. Yang, C. Tan, J. Mongan, 
V. Hornak, G. Cui, P. Beroza, D.H. Mathews, C. Schafmeister, W.S. Ross, P.A. Kollman, AMBER 
9, University of California, San Francisco, 2006. 
[47] P.A. Kollman, R. Dixon, W. Cornell, T. Fox, C. Chipot, A. Pohorille, The development/application 
of a ‘minimalist’ organic/biochemical molecular mechanic force field using a combination of ab 
initio calculations and experimental data, in: A. Wilkinson, P. Weiner, W.F. Van Gunsteren (Eds.), 
Computer simulation of biomolecular systems, Vol 3, Elsevier, Amsterdam, 1997, pp. 83–96. 
[48] F. Autenrieth, E. Tajkhorshid, J. Baudry, Z. Luthey-Schulten, Classical force field parameters for the 
haem prosthetic group of cytochrome c, J. Comput. Chem. 25 (2004) 1613–1622. 
[49] M.W. Schmidt,K.K. Baldridge, J.A. Boatz, S.T. Elbert,M.S.Gordon, J.H. Jensen, S.Koseki,N. 
Matsunaga, K.A.Nguyen, S. Su, T.L.Windus,M.Dupuis, J.A.Montgomery,General atomic and 
molecular electronic structure system, J. Comput. Chem. 14 (1993) 1347–1363.  
[50] W.L. Jorgensen, J. Chandrasekhar, J.D. Madura, R.W. Impey, M.L. Klein, Comparison of simple 
potential functions for simulating liquid water, J. Chem. Phys. 79 (1983) 926–935. 
[51] H.J.C. Berendsen, J.P.M. Postma, W.F. Vangunsteren, A. Dinola, J.R. Haak, Moleculardynamics 
with coupling to an external bath, J. Chem. Phys. 81 (1984) 3684–3690. 
[52] J.P. Ryckaert, G. Ciccotti, H.J.C. Berendsen, Numerical-integration of Cartesian equations ofmotion 
of a systemwith constraints –molecular-dynamics of N-alkanes, J. Comput. Phys. 23 (1977) 327–341. 
[53] P.Y. Chou, G.D. Fasman Conformational, Parameters for amino acids in helical, β- sheet, and 
random coil regions calculated from proteins, Biochemistry 13 (1974) 211–272. 
[54] S. Dopner, P. Hildebrand, F.I. Rossell, A.G. Mauk, Alkaline conformational transitions of 
ferricytochrome c studied by resonance Raman spectroscopy, J. Am. Chem. Soc. 120 (1998) 11246–
11255. 
[55] R.A. Scott, A.G. Mauk, Cytochrome c: a multidisciplinary approach, in: A.G. Mauk, R.A. Scott 
(Eds.), University Science Books, Sausalito, CA, 1996, pp. 475–487.  
[56] Y.Q. Feng, H. Roder, S.W. Englander, Assignment of paramagnetically shift ed resonances in the 1H 
NMR spectrum of horse ferricytochrome c, Biophys. J. 57 (1990) 15–22. 
[57] I. Bertini, P. Turano, A.J. Vila, Nuclear magnetic resonance, Chem. Rev. 93 (1993) 2833–2932. 
[58] T.L. Luntz, A. Schejter, E.A. Garber, E. Margoliash, Structural significance of an internal water 
molecule studied by site-directed mutagenesis of tyrosine-67 in rat cytochrome c, Proc. Natl. Acad. 
Sci. U.S.A. 86 (1989) 3524–3528.  
[59] T.E. Creighton, Proteins: structures and molecular properties, Freeman W.H, New York, 1993, pp. 
14–17. 
[60] A. Lawrence, C.M. Jones, P. Wardman, M.J. Burkitt, Evidence for the role of a peroxidase 
compound I-type intermediate in the oxidation of glutathione, NADH, ascorbate, and 
dichlorofluorescin by cytochrome c/H2O2. Implications for oxidative stress during apoptosis, J. Biol. 
Chem. 278 (2003) 29410–29419. 
[61] A.A. Kapralov, I.V. Kurnikov, I.I. Vlasova, N.A. Belikova, V.A. Tyurin, L.V. Basova, Q. Zhao, 
Y.Y. Tyurina, J. Jiang, H. Bayir, Y.A. Vladimirov, V.E. Kagan, The hierarchy of structural 
transitions induced in cytochrome c by anionic phospholipids determines its peroxidase activation 
and selective peroxidation during apoptosis in cells, Biochemistry 46 (2007) 14232–14244. 
[62] J. Thariat, F. Collin, C. Marchetti, N.S. Ahmed-Adrar, H. Vitrac, D. Jore, M. Gardes-Albert, Marked 
difference in cytochrome c oxidation mediated by OH·and/or O2·- free radicals in vitro, Biochimie 
90 (2008) 1442–1451. 
[63] V. Rodríguez-Roldán, J.M. García-Heredia, J.A. Navarro, M. Hervás, B. De la Cerda, F.P. Molina-
Heredia,M.A. De la Rosa, A comparative kinetic analysis of the reactivity of plant, horse, and human 
respiratory cytochrome c towards cytochrome c oxidase, Biochem. Biophys. Res. Commun. 346 
(2006) 1108–1113.  
[64] H.E. Kim, F. Du, M. Fang, X. Wang, Formation of apoptosome is initiated by cytochrome c-induced 
ATP hydrolysis and subsequent nucleotide exchange on Apaf-1, Proc. Natl Acad. Sci. U.S.A. 102 
(2005) 17545–17550.  
[65] R.M. Kluck, L.M. Ellerby, H.M. Ellerby, S. Naiem, M.P. Yaffe, E. Margoliash, D. Bredesen, A.G. 
Mauk, F. Sherman, D.D. Newmeyer, Determinants of cytochrome c pro-apoptotic activity, J. Biol. 
Chem. 275 (2000) 16127–16133.  
[66] T. Yu, X. Wang, C. Purring-Koch, Y. Wei, G.L. McLendon, A mutational epitope for cytochrome c 
binding to the apoptosis protease activation factor-1, J. Biol. Chem. 276 (2001) 13034–13038. 
[67] H. Neumann, J.L. Hazen, J. Weinstein, R.A. Mehl, J.W. Chin, Genetically encoding protein 
oxidative damage, J. Am. Chem. Soc. 130 (2008) 4028–4033.  
[68] I.I. Vlasova, V.A. Tyurin, A.A. Kapralov, I.V. Kurnikov, A.N. Osipov, M.V. Potapovich, D.A. 
Stoyanovsky, V.E. Kagan, Nitric oxide inhibits peroxidase activity of cytochrome c’ cardiolipin 
complex and blocks cardiolipin oxidation, J. Biol. Chem. 281 (2006) 14554–14562. 
[69] R. Kristinsson, B.E. Bowler, Communication of stabilizing energy between substructures of a 
protein, Biochemistry 44 (2005) 2349–2359.  
[70] A.M. Berghuis, G.D. Brayer, Oxidation state-dependent conformational changes in cytochrome c, J. 
Mol. Biol. 223 (1992) 959–976.  
[71] T. Ying, Z.-H. Wang, Y.-W. Lin, J. Xie, X. Tan, Z.-X. Huang, Tyrosine-67 in cytochrome c is a 
possible apoptotic trigger controlled by hydrogen bonds via a conformational transition, Chem. 
Commun. 30 (2009) 4512–4514.  
[72] R. Koradi, M. Billeter, K. Wüthrich, MOLMOL: a program for display and analysis of 
macromolecular structures, J. Mol. Graph 14 (1996) 51–55. 
[73] H. Maity, J.N. Rumbley, S.W. Englander, Functional role of a protein foldon-an Ω- loop foldon 
controls the alkaline transition in ferricytochrome c, Proteins 63 (2006) 349–355. 
[74] L. Hoang, H. Maity, M.M. Krishna, Y. Lin, S.W. Englander, Folding units govern the cytochrome c 
alkaline transition, J. Mol. Biol. 331 (2003) 37–43. 
[75] E. Kalanxhi, C.J.A. Wallace, Cytochrome c impaled: investigation of the extended lipid anchorage of 
a soluble protein to mitochondrial membrane models, Biochem. J. 407 (2007) 179–187. 
 
